Introduction
Major depressive disorder (MDD) is a globally prevalent psychi atric disorder causing a great social burden. In hopes of identifying better treatment options, many attempts have been made to clarify pathological brain mechanisms. Using novel imaging techniques in vivo, several microstructural brain abnormalities have been reported. 1 It is likely that most psychiatric disorders do not result from a deficit in a single brain area and that a network perspective is necessary to explain their complex etiology. Accordingly, studies of both functional and structural connectivity have become popular.
Robust functional connectivity has been observed even in the absence of a direct anatomic link. 2 However, given the surprisingly low within-subject test-retest reliability of functional connectivity, structural connectivity, which is a good predictor of functional connectivity, offers a more practical approach to characterizing brain abnormalities related to disease. White matter integrity reflects the structural connectivity that provides the basis for functional abnormality in the brain. 3 It has been suggested that cortical-subcortical neural circuits play an important role in the pathogenesis of MDD; specifically, that microstructural changes in the white matter of cortical-subcortical circuits lead to a "disconnection syndrome" between cortical and subcortical regions. 4 Consequently, white matter abnormal ities have been proposed as potential biomarkers of MDD.
Diffusion tensor imaging (DTI), a novel magnetic resonance imaging (MRI) technique, can quantify the fibre orientation and integrity of white matter pathways within neural networks. It measures water diffusion using diffusionweighted pulse sequences sensitive to microscopic random water motion. 5 Diffusion is described as isotropic if water mobility is unrestricted and anisotropic if it is restricted in any direction. This is commonly quantified using fractional anisotropy: in general, greater fractional anisotropy indicates greater white matter anisotropy due to highly organized and myelinated bundles and may also be influenced by axon size and density, pathway geometry, and fibre intersections. [6] [7] [8] To explore brain fractional anisotropy differences between 2 populations, measurements can be extracted globally using voxel-based analysis (VBA) or tract-based spatial statistics (TBSS) or locally in a priori defined regions using region-ofinterest (ROI) analysis or tractography. A number of studies have demonstrated fractional anisotropy changes in patients with MDD. For example, studies of late-life depression have revealed frontal and temporal white matter abnormalities. [9] [10] [11] [12] In studies of first-episode depression, untreated young adults with MDD exhibited significantly lower fractional anisotropy in the frontal lobes. 13, 14 However, although most DTI studies of patients with MDD have identified decreases in fractional anisotropy, a variety of white matter regions have been implicated. In this situation, a powerful technique is the metaanalysis of findings from multiple studies to detect common regions of white matter abnormality. Here we used activation likelihood estimation (ALE) to locate common regional abnormalities in white matter microintegrity in patients with MDD revealed by published DTI studies. Additionally, fibre tracking was performed to demonstrate the fascicles passing through the identified regions.
Methods

Data sources
We used a systematic search strategy to identify relevant studies. We performed online searches of the PubMed, MEDLINE, EMBASE, Cochrane Library, China Hospital Knowledge Database, Chinese Biomedical Literature Database, Index to Science and Technical Proceedings, China Conference Paper Database, National Technical Information Service and System for Information on Grey Literature for studies published between January 1994 and February 2011. Our search used systematic combinations of the following keywords: "DTI" or "diffusion tensor;" and "whole brain" or "voxel based;" and "depress*." Additional studies were identified by manually searching the references of each article found in the electronic search.
Study selection
We assessed all studies yielded by our search for potential suitability. The abstracts were all written in English; if the articles were written in other languages, they were translated into English for assessment. Studies were included if they had been published as a peer-reviewed paper before February 2011, if they compared a group of patients with MDD with a healthy control group, if they used DTI with at least 6 directions, if they investigated fractional anisotropy differences in the whole brain (or whole white matter) and if they reported the 3-dimensional coordinates of changes in stereotactic space. Studies were excluded if they were case reports or reviews, if it was impossible to obtain the 3-dimensional coordinates in stereotactic space, if the data also contributed to another included publication and if the participants had comorbid conditions (e.g., Parkinson disease, mania or traumatic brain injury) or did not completely meet the diagnostic criteria for MDD. Particular care was taken to exclude multiple publications of data derived from the same patients or overlapping patient samples. We tried our best to contact authors for more information when necessary. Two of us (Y.L. and X.Q.H.) performed the searches and extracted the data independently; if agreement was not obtained, one of us (Q.Y.G.) mediated.
Data extraction
For quality assessment, we extracted the age, sex, diagnosis, medication, magnetic field strength, acquisition voxel size, number of diffusion directions and type of analysis from each included study. For the meta-analysis, we used the Lancaster transform in GingerALE 15 to convert coordinates reported in Montreal Neurological Institute (MNI) stereotactic space to Talairach coordinates. 16 Talairach coordinates that had been generated by the Brett transform applied to MNI coordinates were retransformed to Talairach space using the Lancaster transform. 17 
Meta-analysis
We used GingerALE version 2.0.4 to perform ALE metaanalysis on sets of coordinates extracted from the database in Talairach or MNI space. GingerALE is a coordinate-based meta-analysis method, supported within the BrainMap software environment, which is useful for identifying consistent regions of activation across a collection of studies. The ALE technique treats the reported foci not as points, but as spatial probability distributions centred on the given coordinates. 18 In its revised version, the algorithm allows the weighting of studies in the meta-analysis on the basis of sample size. It also provides a random-effects model, rather than a fixedeffects model, that considers the spatial relationship between the individual foci reported for each study. Consequently, it gives more weight to the spatial conjunction of different foci from different studies than to different foci from a single study. 19 In ALE, coordinates are modelled with a Gaussian function to accommodate spatial uncertainty and then analyzed to ascertain where coordinates converge. 15 We set the false discovery rate at q < 0.05 and the minimum volume as 80 mm 3 (see the GingerALE forum at www .brainmap .org /forum/).
Since GingerALE reports the results on grey matter, we used DTI Editor software to localize the correct regions for the reported coordinates. The resulting maps were registered to the standard template, and the reported coordinates were calculated to match the standard maps. We then localized the correct region using the corrected coordinates.
Sensitivity analysis was performed by reanalysis using GingerALE software after excluding the articles that used TBSS analysis.
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Fibre tracking
White matter tracts passing through clusters of voxels showing significant fractional anisotropy differences were mapped by reference to an atlas of human white matter anatomy 23 and explored using DTIquery software. DTIquery is a novel set of interaction techniques that makes it easier to explore and interpret white matter pathways. It allows placement and interactive manipulation of box-shaped ROIs to display pathways passing through specific anatomic areas. Queries can be further restricted by numerical path properties such as length, mean fractional anisotropy and mean curvature. 24 We used precomputed pathways from DTI data on a healthy 35-yearold man (the standard set provided by the software), mapped using streamlines tracking techniques and filtered by tract length and ROI.
Results
Our initial literature search yielded 132 original articles, and 11 were eligible for inclusion in the meta-analysis (Tables 1  and 2 ). They included a combined total of 231 patients with MDD and 261 controls and provided 50 coordinates of decreased fractional anisotropy. The flow of studies and reasons for exclusion are shown in Figure 1 . There was no statistical difference in age and sex between the 2 groups: the mean age was 33.5 years in the patient group versus 34.1 years in the control group, there were 149 (65%) female patients versus 153 (59%) female controls .
Meta-analysis of the reported coordinates identified 4 regions of decreased fractional anisotropy in patients compared with controls ( Fig. 2 and Table 3 ).
Region 1 was located in the right frontal white matter (Talairach coordinates x, y, z = 14, 32, 30; cluster size 416 mm 3 ). The ROI applied in DTIquery was a bounding box of 7.5 × 7.5 × 7.5 mm 3 centred on the coordinates of maximum sumrank. The main tracts passing through this region were the interhemispheric fibres running through the genu of the corpus callosum, shown as the yellow tracts on the first row in Figure 3 .
Region 2 was located in the white matter under the right fusiform gyrus of the temporal lobe (Talairach coordinates x, y, z = 38, -50, -10; cluster size 224 mm 3 ). White matter tracts traversing this region were visualized using a 6.1 × 6.1 × 6.1 mm 3 bounding box. The main tracts were the right inferior longitudinal fasciculus, right inferior fronto-occipital fasciculus and right posterior thalamic radiation, as shown on the second row in Figure 3 .
Region 3 was in the left frontal white matter (Talairach coordinates x, y, z = -12, 18, 44; cluster size 224 mm 3 ). White matter tracts traversing this region were the interhemispheric fibres passing through the body of the corpus callosum, shown as the green tracts on the first row in Figure 3 , using a 6.1 × 6.1 × 6.1 mm 3 bounding box.
Region 4 was in the right occipital lobe white matter (Talairach coordinates x, y, z = 28, -56, 2; cluster size 200 mm 3 ). White matter tracts traversing this region were the 45 (30) 31 (10) 45 (30) 32 (9) Non-late onset MDD Antidepressants Ouyang et al. 31 18 (9) 27.0 (6.8) 18 (9) 27.4 (6.4) MDD Medication-naive Zhu et al. 21 25 (14) 20. right infer ior fronto-occipital fasciculus, shown on the third row in Figure 3 , using a 5.8 × 5.8 × 5.8 mm 3 bounding box.
For sensitivity testing, we excluded 3 articles that used TBSS analysis [20] [21] [22] and then reanalyzed using GingerALE software. The result was consistent with the original meta-analysis of all 11 articles.
Discussion
This meta-analysis identified 4 consistent locations of decreased fractional anisotropy in patients with MDD: the right frontal white matter, the white matter under the right fusiform gyrus of the temporal lobe, the left frontal white matter and the white matter under the right occipital lobe. We discuss the roles of some of these structures and their possible importance in MDD.
To assess study quality, we extracted the number of participants in the control group and their ages; and the number of participants in the MDD group and their ages, diagnoses and medications (Table 1 ). All the included studies were casecontrol studies, and they all matched participant groups for age and sex. All patients met the standard criteria for depression of the DSM-IV. For the index of depression severity, 8 of the 11 studies used the Hamilton Rating Scale for Depression; 32 the other 3 used the Beck Depression Inventory, 14,22 the Beck Anxiety Inventory 22 and the Chinese version of the Center for Epidemiologic Studies Depression Scale. 21 All the included studies used at least 6 directions for DTI scanning (the minimum requirement for a qualitative DTI calculation) and also applied whole-brain analysis; studies that did not use whole-brain analysis were excluded to avoid bias. However, we cannot rule out that some potential missing confounders might result in bias.
The corpus callosum connects the left and right cerebral hemispheres and is the largest fibre bundle of the human brain. It is divided into an anterior portion (genu) connecting the prefrontal and orbitofrontal regions, a central part (body) connecting precentral frontal regions and parietal lobes, and a posterior portion connecting the occipital lobes (splenium) and temporal lobes (tapetum). The corpus callosum allows information transfer between hemispheres and is involved in several motor, perceptual and cognitive functions. [33] [34] [35] The fibre bundles belonging to the central part of the corpus callosum recognized by the present study were the only region in the left hemisphere found by meta-analysis to have decreased fractional anisotropy. This may suggest a role for functional impairment of frontal lobe information transfer between hemispheres.
The fusiform gyrus is part of the temporal lobe in Brodmann area 37. Its functions are processing of colour information, face and body recognition, word recognition and withincategory identification. It has been proposed that the right J Psychiatry Neurosci 2013;38(1) hemisphere "fusiform face area" acts as an isolated processing system for faces. One study has suggested that the role of the fusiform gyrus and prefrontal cortex in memory processing may contribute to cognitive vulnerability to depression. 36 Right fusiform activation in response to happy faces is reduced in patients with MDD compared with healthy controls, 37 and modulation of activity in this face-processing sensory area has been suggested to contribute to changes in the attentional salience of such emotional stimu li. 38 Our finding of disrupted white matter integrity under this gyrus provides structural evidence of impairment in the neural circuit responsible for face recognition in patients with MDD from a brain connectivity point of view.
The inferior longitudinal fasciculus is an associative bundle connecting the occipital and temporal lobes. The long fibres connect visual areas to the amygdala and hippocampus, 39 the main components of the limbic system related to
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Articles assessed for methodology consideration, n = 31 visual memory 43 and other functions related to language. 44 The inferior fronto-occipital fasciculus is a ventral associative bundle connecting the ventral occipital lobe and the orbitofrontal cortex. 45 Its occipital component runs parallel to the inferior longitudinal fasciculus. On approaching the anterior temporal lobe, the fibres of the inferior fronto-occipital fasciculus gather together and enter the external capsule dorsally to the fibres of the uncinate fasciculus. The functions of the inferior fronto-occipital fasciculus are poorly understood, although it is possible that it is involved in reading, 42, 44 attention 44 and vis ual processing. 40, 46 The thalamic radiations are 2-way fibre connections between the thalamus and cerebral cortex, grouped into 4 (an terior, superior, posterior and inferior) fan-like radiations from the thalamus to most regions of the cortex, forming a major part of the internal capsule and corona radiata. The poster ior thalamic radiation joins the occipital and posterior parietal cortex with the posterior thalamus, including the pulvinar, and includes the optic radiation from the lateral geniculate body. It occupies the retrolenticular part of the internal capsule and includes fibres passing in both directions between the occipital lobe and the thalamus, in particular those connecting the lateral geniculate nucleus with the primary visual area, and the lateral posterior and pulvinar nuclei with the association areas of the occipital lobe. All aforementioned fascicles gave further evidence of the pathophysiological role of the occipital lobe, which may be related to dysfunctional facial rec ognition in patients with MDD, as shown by other functional MRI studies.
Cortical regions, including the anterior cingulate, orbitofrontal and prefrontal cortices are decreased in volume in patients with MDD, 47 and frontal-subcortical circuits are thought to play a key role in the regulation of motor, cognitive and motivational processes. 4 Five anatomically and functionally discrete parallel loops connect specific areas of the prefrontal cortex and interconnect with functionally related brain areas. 48 Among them, structural and functional abnormalities within neural systems, including frontal-subcortical circuits, are associated with the neurobiology of depression. 48, 49 White matter abnormality can be seen as the substantial basis of the network dysfunction. In particular, it has been hypothesized that microstructural changes in the white matter of frontal-subcortical circuits lead to a "disconnection syndrome" between frontal and subcortical regions. 9, 13, 50 Converging evidence from postmortem and in vivo studies suggests that frontolimbic dysfunction plays an important role in the pathophysiology of MDD, [51] [52] [53] whereas executive dysfunction, associated with compromised integrity of frontal structures and their subcortical connections, has also been reported in late-life depression. 54 Recently, a thorough review of the neurocircuitry involved in depression combining functional and structural imaging with lesion evidence and histological material postulated that a system that links the medial prefrontal cortex and other related cortical areas to subcortical areas, such as the amygdala, the ventral striatum and pallidum, the medial thalamus and the hypothalamus, is centrally involved in mood disorders. 55 The present metaanalysis gives strong evidence of a structural basis for the involvement of this neurocircuitry.
Considering the results from our meta-analysis that point to white matter impairment in multiple neural fascicules, we suggest that depression may indeed be considered a "disconnection syndrome."
Limitations
This meta-analysis used a relatively robust approach for identifying consistent regional changes between studies. Voxel-based analysis avoids a priori bias in the identification of regional white matter abnormalities by analyzing wholebrain white matter. However, the approach has potential limitations. As the number of studies included in this metaanalysis was small, we should interpret the results with caution. For example, patient characteristics, including illness duration, drugs and onset time, may contribute to the diversity of results, but we were not able to perform separate meta-analyses for clinical variables. Given our relatively strict criteria for participant selection, our results should be representative of patients with MDD. Moreover, study results may be heterogeneous in terms of data acquisition and analysis techniques. The accuracy of the diffusion tensor and thus the reliability of the data derived from it are influenced by the signal-to-noise ratio, image resolution, image distortion due to magnetic susceptibility effects and motion artifacts. An onsite study with a very large sample size would be required to minimize this kind of technical artifact. Lastly, the ALE technique cannot incorporate information about negative findings and thus may be susceptible to publication bias.
Conclusion
Numerous DTI studies have identified white matter abnormalities in patients with MDD from a voxel-based perspective. By performing a meta-analysis, we located the most consistent positive findings in patients with MDD within the white matter of right frontal white matter, right fusiform gyrus, left frontal and right occipital lobe. The decrease of white matter fractional anisotropy is suggestive of loss of integrity of white matter fibre tracts linking the prefrontal lobe with the cortex in the temporal lobe, occipital lobe and subcortical areas, such as the amygdala and hippocampus. Although limitations arose from grouping heterogeneous studies, common white matter abnormalities that provide evidence for the disconnection in patients with MDD could be detected regardless of age, sex and medication status. Our results demonstrate that some regions identified in individual studies may not meet the threshold in the aggregate analysis. Thus we should interpret results from any single study with a small sample size with caution. Future studies with much larger sample sizes may be more robust in delineating disease-specific brain connectivity characteristics in patients with MDD.
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How you can get involved in the CMA!
The CMA is committed to providing leadership for physicians and promoting the highest standard of health and health care for Canadians. To strengthen the association and be truly representative of all Canadian physicians the CMA needs to hear from members interested in serving in elected positions and on appointed committees and advisory groups. The CMA structure comprises both governing bodies and advisory bodies either elected by General Council or appointed by the CMA Board of Directors. The Board of Directors -elected by General Council -has provincial/territorial, resident and student representation, is responsible for the overall operation of the CMA and reports to General Council on issues of governance.
CMA committees advise the Board of Directors and make recommendations on specific issues of concern to physicians and the public. Five core committees mainly consist of regional, resident and student representation while other statutory and special committees and task forces consist of individuals with interest and expertise in subject-specific fields. Positions on one or more of these committees may become available in the coming year.
For further information on how you can get involved, please contact: By getting involved, you will have an opportunity to make a difference.
We hope to hear from you!
